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The aminolysis reaction of carbonyl compounds is one of the most extensively investigated subjects in mechanistic organic chemistry. In this type of reaction, a non-linear Brönsted-type plot showing a break from a large (β = 0.8 -1.0) to a small (β = 0.1 -0.3) rate dependence on basicity of the attacking amine is often obtained at pKo as the basicity of nucleophile is increased. [1] [2] [3] [4] [5] [6] [7] [8] The break at pKo where k-1 = k2 has been attributed to a change in the rate-determining step from breakdown (k2) to formation (k1) of a tetrahedral intermediate, T ± , in the reaction path, [1] [2] [3] [4] [5] [6] [7] [8] eq. (1), where X, Y and Z are the substituents in the nucleophile, substrate and leaving group, respectively. Such rate-limiting breakdown of T ± has been reported, for example, in the reactions of methyl chloroformate with pyridines, 1 substituted diphenyl carbonates with quinuclidine, 2 2,4-dinitrophenyl acetate and methyl carbonate with pyridines, 3 aryl cyclobutanecarboxylate with benxylamines, 4 O-2,4-dinitrophenyl Thionobenzoate with pyridines, 5 S-2,4-dinitophenyl thiobenzoate with pyridines, 6 phenyl benzoate with piperidines 7 and thiophenyl cyclobutanecarboxylate with benzylamines reaction path. 8 Based on the results of these experimental studies, we were able to determine the signs of the cross-interaction constants, ρij in eq. (2) 9 where i, j = X, Y or Z in eq. (1), for the rate-limiting log (kij/kHH) = ρiσi + ρjσj + ρijσiσj (2) breakdown mechanism of the zwitterionic tetrahedral intermediate, T ± . 10 For this type of mechanism, it was found that in the rate-limiting breakdown step, k2, the sign of ρYZ is negative while for equilibrium K = k1/k-1 the sign of ρXY is positive, which are in quite contrast to those (ρYZ > 0 and ρXY < 0) 9 for a normal concerted bimolecular nucleophilic displacement, S N 2 mechanism. On the other hand, the sign of ρXZ is always positive, whereas in the concerted SN2 reactions it can be either positive or negative.
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In the present work, we carried out a kinetic and mechanistic study of the reactions of thiophenyl cyclohexanecarboxylates with benzylamines (BA) in acetonitrile at 40.0 o C. We varied the two substituents X and Z on the nucleophile and leaving group, respectively.
Results and Discussion
The pseudo-first order rate constants observed (k obs ) for all reactions obeyed eq. 4 with negligible ko (≅ 0) in acetonitrile. The second-order rate constants, k2 (M -1 s -1 ), were obtained as the slopes of the kobs vs. benzylamine concentration [BA] and are summaried in Table 1 . No third-order or higher order terms
in benzylamine were detected and no complications were found neither in the determination of kobs nor in the linear plots of eq. 4. This suggests that there is no base catalysis or noticeable side reactions. The rate is faster with a stronger nucleophile and a better nucleofuge as normally expected from a nucleophilic substitution reaction. The rates for the thiophenyl cyclohexanecarboxylates are faster, due less probably to strain effects, than those for the thiophenyl cyclopentanecarboxylates.
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The ρX (ρnuc) and βX (βnuc) values are presented in Table 1 . We note that the magnitude of the two selectivity parameters is large. These β X values can be considered to represent reliable values since although the absolute values of pKa in MeCN differ from those in water, a constant ∆pKa (pKCH 3 CN -pKH 2 O ≅ 7.7 ± 0.3) was experimentally found for 22 alkyl and alicyclic amines.
12 Recent theoretical work of the solvent effects on the basicities of pyridines has shown that the ∆pKa (≅ 7.7) value arises solely from the ion solvation energy * level. 13 The βX values (2.2 ~ 2.7) obtained in this work are considerably larger than those for the corresponding reactions with other secondary and tertiary amines (β X = 0.6 ~ 1.0) 14 proceeding by rate-limiting breakdown of a zwitterionic tetrahedral intermediate, T ± , eq 4. On this account, i.e., large βX values obtained, the aminolysis of thiophenyl cyclohexanecarboxylate with benzylamines in acetonitrile is most likely to occur by rate-limiting expulsion of thiophenolate anion, ArS -, from T ± (k2 step). The large βX values observed with benzylamine nucleophile in the present work are considered to represent a very sensitive change in the benzylamine expulsion rate (k-1) with substrate (X) variation due to the loss of a strong localized charge on the nitrogen atom of the benzylinium ion in the T ± . 15 The magnitude of βZ (βlg) values (βZ = -1.2 ~ -1.5) is also comparable to that for the similar reaction with rate-limiting expulsion of ArS -in acetonitrile (βZ = -1.2 ~ -1.6).
Notes

16
An important aspect we note in Tables 1 is that the magnitude of ρ XZ is unusually large (ρ XZ = 1.18). The size of ρ XZ is considered to represent the intensity of interaction in the TS 9 between the two substituents in the nucleophile (X) and leaving group (Z), and hence the larger the ρXZ, the stronger is the interaction, i.e., the closer is the two fragments, the nucleophile and leaving group, in the TS. The relatively large magnitude observed in the present work favours the rate-limiting expulsion of ArS -leaving group from T ± in the stepwise mechanism relative to a concerted nucleophilic substitution.
The kinetic isotope effects (Table 2) involving deuterated nucleophile, XC6H4CH2ND2, are normal (kH/kD > 1.0) suggesting a possibility of forming hydrogen-bonded four-center type TS 17 as has often been proposed. Since no base catalysis was found (the rate law is first order with respect to [BA], eq. 3). the proton transfer occurs concurrently with the rate-limiting expulsion of ArS -in the TS but not catalyzed by benzylamine.
The consumption of proton by the excess benzylamine would therefore take place in a subsequent rapid step.
The low activation enthalpies, ∆H ≠ , and highly negative activation entropies, ∆S ≠ , (Table 3) are also in line with the proposed TS. The expulsion of ArS -anion in the rate-determining step (an endoergic process) is assisted by the hydrogen-bonding with an amino hydrogen of the benzylammonium ion within the intermediate, T
± . This will lower the ∆H ≠ value, but the TS becomes structured and rigid (low entropy process) which should lead to a large negative ∆S ≠ value. In summary, the reactions of thiophenyl cyclohexanecarboxylates with benzylamines in acetonitrile are proceed by a stepwise mechanism in which the rate-determining is the breakdown of the zwitterionic tetrahedral intermediate with a hydrogen-bonded four-center type TS. These mechanistic conclusions are drawn based on (i) the large magnitude of ρX and ρZ, (ii) the normal kinetic isotope effects (kH/kD > 1.0) involving deuterated benzylamine nucleophiles, (iii) a small positive enthalpy of activation, ∆H ≠ , and a large negative entropy of activation, ∆S ≠ , (iv) lastly the larger positive ρXZ value than that for normal SN2 processes.
Experimental Section
Materials. Merck GR acetonitrile was used after three distillations. The benzylamine nucleophiles, Aldrich GR, were used without further purification. Thiophenols and cyclohexanecarbonyl chloride were used Tokyo Kasei GR grade. Preparations of deuterated benzylamines were as described previously. Kinetic measurement. Rates were measured conductometrically at 10.0 ± 0.05 o C. The conductivity bridge used in this work was a self-made computer automatic A/D converter conductivity bridge. Pseudo-first-order rate constants, kobs, were determined by the Guggenheim method 18 with large excess of benzylamine. Second-order rate constants, k2, were obtained from the slope of a plot of kobs vs. benzylamine with more than five concentrations of benzylamine, eq 4. The k2 values in Table 1 are the averages of more than three runs and were reproducible to within ± 3%.
Product analysis. Substrate, thiophenyl cyclohexanecarboxylate (0.05 mole) was reacted with excess p-methoxybenzylamine (0.5 mole) with stirring for more than 15 halflives at 40.0 o C in acetonitrile, and the products were isolated by evapolating the solvent under reduced pressure. The product mixture was treated with column chromatography (silica gel, 20% ethylacetate-n-hexane). Analysis of the product gave the following results. 
